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Subcellular localization of mRNA enables compart-
mentalized regulation within large cells. Neurons
are the longest known cells; however, so far,
evidence is lacking for an essential role of endoge-
nous mRNA localization in axons. Localized upregu-
lation of Importin b1 in lesioned axons coordinates
a retrograde injury-signaling complex transported
to the neuronal cell body. Here we show that a long
30 untranslated region (30 UTR) directs axonal locali-
zation of Importin b1. Conditional targeting of this
30 UTR region in mice causes subcellular loss of
Importin b1 mRNA and protein in axons, without
affecting cell body levels or nuclear functions in
sensory neurons. Strikingly, axonal knockout of
Importin b1 attenuates cell body transcriptional
responses to nerve injury and delays functional
recovery in vivo. Thus, localized translation of
Importin b1 mRNA enables separation of cyto-
plasmic and nuclear transport functions of importins
and is required for efficient retrograde signaling in
injured axons.
INTRODUCTION
Subcellular localization of mRNA is now recognized as a wide-
spread phenomenon in both prokaryotic and eukaryotic cells
(Donnelly et al., 2010; Keiler, 2011). Local translation of trafficked
mRNAs may allow spatial or temporal compartmentalization of
cellular responses to specific stimuli or rapid responses to envi-
ronmental or developmental signals (Andreassi and Riccio,
2009; Jung et al., 2012). Such localized regulation should be of
particular importance in highly polarized cells such as neurons,
in which the requirement for a specific protein can be at a site
that is very distant frommRNA transcription in the nucleus (Don-
nelly et al., 2010). For example, the requirement for a specific294 Neuron 75, 294–305, July 26, 2012 ª2012 Elsevier Inc.protein in a human peripheral axon can be at a site separated
by a meter of intracellular distance from mRNA transcription in
the nucleus. However, the apparent paucity of ribosomes in early
studies on mature vertebrate axons established a notion that
axons cannot synthesize proteins (reviewed in Twiss and Fain-
zilber, 2009), in contrast to the well-established roles for local
protein synthesis in dendrites (An et al., 2008; Miller et al.,
2002; Sutton and Schuman, 2006; Swanger and Bassell,
2011). Nonetheless, an increasing number of studies over the
past decade have suggested that local translation is critical for
axonal maintenance and repair (Gumy et al., 2010), especially
in retrograde signaling from axonal lesion sites to neuronal
cell bodies. We and others have proposed that such retro-
grade injury signaling is mediated by a latent complex activated
upon injury by local synthesis of critical components at the
axonal injury site (Rishal and Fainzilber, 2010).
Importin b1 is thought to be one of the core components of the
retrograde injury signalingmechanism, and its local translation in
axons was suggested as a key initiation step in formation of the
complex (Hanz et al., 2003). Local translation may also allow
separation of cytoplasmic transport functions from the nucleo-
cytoplasmic transport roles of Importin b1, which include
enhancing the affinity of its Importin a partners for nuclear local-
ization sequences (NLS) within a cargo protein and facilitating
transport through the nuclear pore (Chook and Suel, 2011; Harel
and Forbes, 2004). The essential role of Importin b1 in these
fundamental cellular processes was highlighted by blastocyst-
stage lethality in homozygous embryos from a gene trap Importin
b1 mouse line (Miura et al., 2006). Thus, although targeting of
Importin b1 in axons would provide a stringent test of the validity
of local axonal translation and the contribution of importins
to retrograde injury signaling and other distal cytoplasmic func-
tions, such targeting requires separation of cytoplasmic func-
tions of importins from their essential housekeeping roles in
nucleocytoplasmic transport in cell bodies. We therefore set
out to identify axon-localizing elements in Importin b1 transcripts
in order to generate a subcellular deletion of Importin b1 in the
axonal compartment. Here we identify an axon-localizing region
in the 30 untranslated region (UTR) of Importin b1 and show that
deleting this region enables selective depletion of Importin b1
Figure 1. 30 UTR Isoforms of Importin b1
(A) Schematic of the rat Importin b1 transcript, with arrows indicating primers
used for 30 RACE PCR. The blue box denotes the open reading frame. Lines
under the schematic delineate regions subcloned for constructs containing
long (L) or short (S) 30 UTR variants or sequence regions used for deletion
analysis (D1 and D2) of the long UTR.
(B) Nested 30 RACE PCR on axonal and cell body cDNA reveals different
30 UTR variants for Importin b1, with a 1.15 kb L variant preferentially sorted to
axons. For sequences of the two main S and L isoforms, please see GenBank
accession number JX096837 and Figure S1A.
(C) Evaluation of Importin b1 long 30 UTR conservation between species using
the UCSC genome browser. The top wiggle histogram summarizes conser-
vation scores across 46 vertebrate genomes. Conserved sites with positive
scores are shown in blue, while fast-evolving sites have negative scores.
Pairwise alignments of 11 species to the human genome are displayed below
the conservation histogram as a gray scale density plot, in which identity is
shown in black.
(D) Representative images of in situ hybridization for GFP riboprobe (red) and
immunohistochemistry for neurofilament (green) on cell bodies (left) and
distal axon shafts (right) of rat DRG cultures transfected with the indicated
Importin b1 30 UTR reporter constructs. The long 30 UTR and theD2 region both
drive axonal localization of GFP mRNA, while the short 30 UTR and the D1
region do not. Hybridization with sense GFP riboprobes shows no signal in cell
body or axons for the long UTR. Scale bars represent 30 mm in the left panel
and 20 mm in the right panel.
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Subcellular depletion of Importin b1 from axons attenuates the
cell body response to neuronal injury and delays functional
recovery in vivo. Thus, localized translation of Importin b1
mRNA enables separation of cytoplasmic and nuclear transport
functions of importins and is required for efficient retrograde
signaling in injured axons.
RESULTS
A Long Isoform of Importin b1 30 UTR Enables Axonal
Localization
Subcellular localization and translation of mRNAs is usually
determined by localization motifs in 30 UTR segments (Andreassi
and Riccio, 2009; Donnelly et al., 2010); however, no such motifs
have been described to date for Importin b1. We therefore per-
formed nested PCRs for the 30 end of Importin b1 on cDNA
prepared from adult rat DRG neuronal cell bodies versus isolated
axons from insert filter cultures (Zheng et al., 2001) using forward
primers at the 30 end of the Importin b1 open reading frame (ORF)
and a mixture of three reverse primers anchored on polyA
sequences (Figure 1A). Two major 30 UTR variants of Importin
b1 were obtained and sequenced, comprising a short (134
bases) isoform more prominent in cell bodies and a long (1,148
bases) isoform overlapping with the short form and more prom-
inent in axons (Figures 1A, 1B, and see S1A available online).
These two Importin b1 UTRs arise from differential usage of
polyadenylation sites (Figure S1A), a widespread mechanism
for defining different 30 UTRs (Proudfoot, 2011). The Importin
b1 UTR sequence is highly conserved in the vertebrate lineage,
with 95% sequence identity between rat and mouse and 86%
identity with humans and other primates (Figure 1C).
Despite the high sequence conservation, we did not detect
any known localization motifs in the Importin b1 UTR sequences
and therefore set out to test their capacity to induce axonal local-
ization of reporter genes. We first generated fusion constructs of
Importin b1 30 UTR segments and deletions thereof (Figure 1A)
with a myristylated green fluorescent protein (GFP) ORF (Aakalu
et al., 2001) and examined localization of GFP transcripts by fluo-
rescence in situ hybridization (FISH) on transfected DRG
neurons in culture. Note that all the processes extended by adult
DRG neurons in culture were previously shown to be axonal in
nature (Vuppalanchi et al., 2010; Zheng et al., 2001). Axonal
localization of GFP transcript was observed for the long UTR
isoform, but not for the short UTR (Figure 1D). Two deletion
constructs comprising the central and 30 terminal segments of
the long UTR (D1 and D2, Figure S1B) were then tested for
axon-localizing capacity of the GFP reporter. In situ hybridization
on neurons transfected with these two constructs support the
existence of an axonal localization motif only within the D2
region, hence toward the 30 terminal segment of the long
Importin b1 UTR (Figure 1D).
In order to further test axonal localization by a different
approach, we carried out fluorescence recovery after photo-
bleaching (FRAP) experiments on axon terminals of cultured
neurons transfected with Importin b1 30 UTR-myrGFP fusion
constructs. The myristylation domain limits diffusion for this
reporter in both dendrites (Aakalu et al., 2001) and axons (YudinNeuron 75, 294–305, July 26, 2012 ª2012 Elsevier Inc. 295
Figure 2. The Long Importin b1 30 UTR Isoform
Confers Axon Localization
(A) Representative images from time-lapse sequences
of fluorescence recovery after photobleaching (FRAP)
experiments before (2 min) and after (0 and 20 min)
photobleaching of adult DRG neurons transfected with 30
UTR constructs fused to myristylated GFP. The boxed
regions indicate the area subjected to FRAP with recovery
monitored over 20 min (for full time series, please see
Figure S2A). Fluorescence recovery was observed only for
the constructs containing the 30 terminal segment of the
long UTR isoform (L and D2) and this recovery was
blocked upon incubation with the translation inhibitor
anisomycin. Scale bar represents 25 mm.
(B) Quantification of fluorescence recovery over multiple
time-lapse sequences with the indicated constructs.
Average recoveries are shown as percentage of prebleach
levels ± SD, nR 6 for each series, **p < 0.01, ***p < 0.001
(two-way ANOVA). For quantification data for additional
constructs, please see Figure S2B.
(C) Representative images from time-lapse sequences
of photoconversion experiments before (4 min) and
after (0 and 40 min) photoconversion of adult DRG
neurons transfected with 30 UTR constructs fused to
myristylated Dendra2 (for full time series, please see
Figure S3). Green represents unconverted or newly
synthesized Dendra2; red shows photoconverted Den-
dra2. The boxed regions indicate the area subjected to a
single round of laser-induced photoconversion at a
wavelength of 408 nm. The more proximal region was
repetitively photoconverted to ensure that any green
signal in the boxed region must arise from localized new
synthesis of Dendra2. De novo synthesis of Dendra2 was
observed for the D2 construct containing the 30 end
segment of the long UTR but not for the short (S) UTR.
Scale bar represents 25 mm.
(D) Quantification of de novo Dendra2 synthesis from
fluorescence intensity in the green channel over multiple
time-lapse photoconversion sequences. Average ± SEM,
n = 15. **p < 0.01 (two-way ANOVA).
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events. Fluorescence recovery was observed only for constructs
containing the long form of importin b1 30 UTR or the 30 end D2
segment, but not for the short UTR variant or the D1 construct
(Figures 2A, 2B, and S2). The translation inhibitor anisomycin
blocked fluorescence recovery, further confirming that the
reporter signal arose from locally translated axonal transcript.
Additional complementary experiments with a different reporter
took advantage of Importin b1 30 UTR constructs fused to photo-
convertible myrDendra2 (Chudakov et al., 2007). In these
experiments, we applied a single round of photoconversion in
the region of interest (ROI) and then monitored de novo appear-
ance of Dendra2 while continuously photoconverting on prox-
imal axonal regions to ensure that any new Dendra2 appearing
in the ROI must arise from local synthesis (Figures 2C, 2D,
and S3). The Dendra2 photoconversion experiments confirmed
that the 30 end of the long Importin b1 UTR has axon-
localizing capacity, as shown by FRAP and FISH with GFP
reporters earlier.296 Neuron 75, 294–305, July 26, 2012 ª2012 Elsevier Inc.Axonal Localization of Importin b1 Long 30 UTR
in Transgenic Mice
In order to test axon-localizing capacity of Importin b1 30 UTRs at
physiological levels of expression in vivo, we generated trans-
genic mice expressing either short or long UTR variants or the
D2 region fused to myristylated GFP together with an Importin
b1 50 UTR segment under the control of the neuronal-specific
Ta1 tubulin promoter (Figure 3A), which is activated during
growth and regeneration of sensory neurons (Gloster et al.,
1994; Willis et al., 2011). Sensory neurons from these transgenic
mice revealed differential distribution of GFP, with both cell body
and axonal localization in neurons expressing reporters with the
long (L) or the 30 end fragment (D2) UTRs, while GFP expression
was restricted to the cell body in neurons expressing the short (S)
UTR reporter (Figures 3B and 3C). Moreover, after crush lesion of
sciatic nerve in vivo, immunostaining revealed axonal GFP only
in animals expressing the long or the 30 end fragment UTRs, while
no axonal expression of GFP could be detected in animals
expressing the short UTR construct (Figures 3D, 3E, and S4),
Figure 3. Validation of the Importin b1 Axon Local-
ization Region in Transgenic Mice
(A) Schematic of DNA constructs used to generate trans-
genic mice. The neuronal-specific Ta1 tubulin promoter
was used to drive expression of a destabilized myristy-
lated GFP fused to the 50 UTR of Importin b1 and different
variants of Importin b1 30 UTR as indicated.
(B) Quantitative RT-PCR for GFP mRNA from adult
transgenic mouse tissue extracts. b actin served as an
internal control. Left: GFP mRNA levels in DRG from the
different transgenic lines, normalized to short 30 UTR line;
right: GFP mRNA levels in sciatic nerve from the different
transgenic lines, normalized to DRG levels for each line.
(C) Cultured adult sensory neurons from transgenic 30 UTR
reporter mice (S, L, andD2 lines) after 48 hr in vitro. Robust
GFP levels (green) are seen in neuronal cell bodies and in
axons for the long and D2 UTR lines but only in the cell
body for the short 30 UTR line. Scale bar represents 20 mm;
scale bar in zoom column represents 10 mm.
(D) Merged images of GFP (green) and immunostaining for
NF-H (red) on DRG and sciatic nerve sections from short,
long, and D2 transgenic lines 7 days after sciatic nerve
crush. For individual channel images, please see Fig-
ure S4. Axonal GFP signals are clearly observed in sciatic
nerve sections from the long and D2 transgenic lines but
not from the short UTR line, despite equivalent expression
in neuronal cell bodies in ganglia sections. Scale bar
represents 10 mm.
(E) Quantification of GFP intensity levels (au, arbitrary
units) in sciatic nerve sections from short, long, and 30
terminal segment (D2) using CellProfiler image analysis
software (average ± SEM), **p < 0.01, **p < 0.001.
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in neuronal cell bodies (Figures 3B, 3C, and S4). Axonal expres-
sion in mouse sciatic nerve in vivo is at cm range distances from
neuronal cell bodies. This fact, together with the clear differ-
ences between short and long form UTRs, strongly support
active mRNA transport from the neuronal cell body and localized
protein synthesis within the axon as the mechanisms involved in
axonal GFP expression in these transgenic lines. Thus, the long
Importin b1 UTR or its 30 end segment suffice for axonal mRNA
localization in mouse sensory neurons in vivo.
Subcellular Knockout Shows that the Importin b1 Long
30 UTR Is Required for Axonal Localization
We then set out to generate a conditional knockout to determine
specific functions for transcripts containing the long form of
Importin b1 30 UTR. A targeting construct was generated by
flanking the differential sequence between short and long
UTRs with loxP sites to allow for Cre-mediated deletion, withNeuron 75three SV40 polyA signals inserted immediately
downstream of the second loxP site to ensure
stability of the short UTR transcript that should
be transcribed from the recombined allele (Fig-
ure 4A). Floxed allele mice were obtained, and
male floxed mice were crossbred to female
PGK-Cre animals (Lallemand et al., 1998). This
Cre line exhibits early and uniform expression
of Cre recombinase under dominant maternalcontrol, establishing complete recombination in all organs of
the offspring. Targeted homozygous animals were viable and
fertile, and complete elimination of transcripts containing the tar-
geted 30 UTR region was confirmed in neural tissues (Figures 4B
and 4C). Quantification of Importin b1 mRNA levels revealed
a significant decrease in total Importin b1mRNA in sciatic nerves
of the knockout animals, with a corresponding increase in the
DRG (Figures 4B and 5A). Similar results were obtained with
animals in which recombination was driven by Advillin-Cre
(Hasegawa et al., 2007), which is specific for sensory neurons
(Figure S5A). Importantly, these data confirm that the short
UTR message transcribed from the knockout allele is robustly
expressed with an apparently stable mRNA. Moreover, these
results are consistent with transcript accumulation in neuronal
cell bodies within the ganglia due to impaired axonal transport
in the absence of the long 30 UTR.
Western blotting of axoplasm extracts from naive and injured
nerve showed the expected injury-induced increase in Importin, 294–305, July 26, 2012 ª2012 Elsevier Inc. 297
Figure 4. Conditional Targeting of the
Axon-Localizing Region in Importin b1 30
UTR
(A) Targeting strategy for Importin b1 30 UTR. The
loxP insertion sites are marked in red and the
location of the 30 and 50 homology arms are in
black. The PGK-neo selection cassette is inserted
downstream of the region to be deleted (orange
arrows) and flanked by FRT sites (green) that can
be deleted using FLP recombinase. Three SV40
polyA signals are inserted immediately down-
stream of the floxed region (yellow boxes). For
full sequences of the targeting construct and
recombined locus, please see Supplemental
Experimental Procedures.
(B) Deep-sequencing analyses on RNA from
knockout and wild-type DRG confirms deletion of
the targeted 30 UTR region in PGK-Cre/Importin b1
30 UTR loxP mice.
(C) RT-PCR on RNA from knockout brain, DRG,
and sciatic nerve confirms complete deletion of
the targeted 30 UTR region in PGK-Cre/Importin b1
30 UTR loxP mice.
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Axonal Knockout of Importinb1 in wild-type nerve, but there was no such increase in nerves
from knockout animals (Figure 5B). In situ hybridization for
endogenous Importin b1 mRNA on both cultured neurons and
longitudinal sections from sciatic nerve (Figures 5C–5F)
confirmed the specific reduction of Importin b1 transcript in
axonal tracts but not in neuronal cell bodies or nonneuronal cells.
Immunostaining of cultured neurons (Figures 5G and 5H) and of
sciatic nerve sections after crush lesion (Figures 5I and 5J) re-
vealed similar results at protein level, showing unequivocally
that the upregulation of Importin b1 protein in sensory axons
after nerve injury is due to local translation of axonal mRNA.
Importantly, the latter finding was also verified in sensory
neuron-specific knockouts generated with the Advillin-Cre driver
(Figures S5B and S5C).
Axonal Knockout of Importin b1 Attenuates the Cell
Body Transcriptional Response to Nerve Injury
It is well established that peripheral nerve injury elicits a strong
transcriptional response in the cell bodies of peripheral sensory
neurons, mediated via retrograde signaling from axonal injury
sites (Costigan et al., 2002; Michaelevski et al., 2010; Smith
et al., 2011). Before testing the effects of axonal Importin b1298 Neuron 75, 294–305, July 26, 2012 ª2012 Elsevier Inc.knockout on the cell body response,
we wanted to determine whether the
knockout had any effect on basal tran-
scription profiles in the DRG. We there-
fore carried out RNA-Seq on duplicate
samples of wild-type versus knockout
DRG from adult PGK-Cre/Impb1-30
UTR mice without prior nerve injury.
Strikingly, the basal transcriptional pro-
file of these sensory ganglia was essen-
tially identical, with less than 1% of the
ganglia transcriptome differing between
the two genotypes (Figure 6A). Thesedata strongly indicate that subcellular knockout of Importin
b1 in axons has little or no effect on nuclear functions and tran-
scriptional output in uninjured sensory neuron cell bodies. We
then carried out a comparison of gene expression in L4/L5
DRG at three time points (6, 12, and 18 hr) after sciatic nerve
lesion in adult mice, using a microarray platform (Illumina,
Mouse Ref version 2.0) comprising approximately 25,600
well-annotated RefSeq transcripts. Similarly to the deep-
sequencing data from all DRG, microarrays of L4/L5 DRG
showed few differences between wild-type and knockout in
the naive state. In contrast, there were widespread and marked
differences between the two genotypes after injury, with
approximately 63% of the injury-regulated transcriptome
showing significantly attenuated regulation in DRG from axonal
Importin b1 knockout mice after sciatic nerve injury (Figures
6B–6D; Table S1). The remaining injury-regulated transcripts
mostly showed similar changes in wild-type versus knockout
mice (Figure S6A), with only a small subset showing more
marked regulation in knockout than in wild-type (Figure S6B).
Thus, subcellular elimination of Importin b1 from axons has
specific and profound effects on the cell body transcriptional
response to nerve injury.
Figure 5. The Long 30 UTR Is Required for Importin
b1 Localization to Axons
(A) Quantification of relative Importin b1 transcript levels in
adult DRG and sciatic nerve extracts of wild-type and
PGK-Cre-targeted mice. Note the significant decrease in
message levels in the knockout nerve (residual message is
probably from glial component of the tissue) coupled with
increase in knockout DRG, consistent with accumulation
of Importin b1 transcript in ganglia due to the lack of an
axon-localizing element. b actin served as an internal
control, average ± SEM, n = 4, ***p < 0.001 (unpaired two-
sample t test). For additional analyses using Adv-Cre-
targeted mice, please see Figure S5.
(B) Representative images and quantification of western
blots for axoplasmic Importin b1 in sciatic nerves of wild-
type and knockout animals before and 6 hr after injury,
average ± SEM, n = 3, *p < 0.05. Erk1/2 (ERK) was used as
a loading control.
(C) In situ hybridization for Importin b1 (red) on NF-H
positive (green) sensory neurons in culture. Scale bars
represent 20 mm in top panels and 10 mm in bottom axon
zoom panels.
(D) Quantification of Importin b1 mRNA in axons from
neuronal cultures using CellProfiler image analysis
software, average percentage intensity ± SEM, n = 20,
**p < 0.01.
(E) In situ hybridization for Importin b1 (red) on longitudinal
sections from wild-type or knockout sciatic nerve.
Sensory axons are identified with NF-H (gray). Arrows
mark axonal transcript, while arrowheads mark signal in
adjacent Schwann cells. Scale bar represents 5 mm.
(F) Quantification of Importin b1 mRNA in axons from
longitudinal sections, average percentage intensity ±
SEM, n = 3, **p < 0.01.
(G) Immunostaining for Importin b1 (red) and NF-H (green)
on adult DRG neurons in culture. Scale bar represents
20 mm.
(H) Quantification of Importin b1 immunoreactivity in axons
from neuronal cultures using CellProfiler image analysis
software, average percentage intensity ± SEM, n = 20,
**p < 0.01.
(I) Cross-sections of sciatic nerve taken 6 hr after crush
lesion and immunostained for Importin b1 (red) and the
neuronal marker NF-H (green). Scale bar represents
20 mm.
(J) Quantification of axonal Importin b1 immunoreactivity
in the sciatic nerve cross-sections using CellProfiler,
average percentage intensity ± SEM, n = 20, ***p < 0.001.
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from Nerve Injury
In order to determine whether the attenuated cell body response
in axonal Importin b1 knockouts has functional consequences
for nerve regeneration, we examined the recovery profile of
wild-type and PGK-Cre/Impb1-30 UTR knockout mice after
crush lesion of the sciatic nerve using CatWalk gait analysis
(Bozkurt et al., 2008). In this system, animals are trained to
cross a glass runway that enables video recording of gait and
locomotion and subsequent analyses of both dynamic and
static gait parameters (Figure 7A). Behavioral consequences,
recovery, and outcome of injury can therefore be tested in
a comprehensive manner. Mice underwent 2 weeks of daily
training on the apparatus before injury and were then monitored
at 2–4 day intervals in the month after unilateral sciatic nervecrush in the right hind leg. There were no apparent differences
in basal gait parameters between wild-type and knockout
mice before injury (Figure 7A). Two days after the injury, there
were significant reductions in both static and dynamic gait
parameters for the injured limb in both genotypes (Figures 7B
and 7C). The injured mice exhibited reductions in print area
(the area of the paw that touches the surface when stepping)
and in duty cycle (the participation of the limb in the walking
sequence) for the injured limb. Recovery, manifested by
improvement in both these parameters over the following
month, was evident in both genotypes but at significantly
different rates (Figures 7B, 7C, and S7). Knockout mice exhibited
a clear delay in recovery, lagging behind the wild-type animals
over the first 10 days after injury (Figures 7B and 7C) until
reaching the same level of functionality in the injured limbNeuron 75, 294–305, July 26, 2012 ª2012 Elsevier Inc. 299
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Figure 7. Lack of Axonal Importin b1 Delays
Recovery from Sciatic Nerve Injury
(A) Representative images of CatWalk gait analysis (Nol-
dus, version 9.0) with analyses of footprints and gait from
wild-type and PGK-Cre-targeted mice before and 6 days
after unilateral (right) sciatic nerve lesion. Six days after
injury, the knockout is making less use of the right hind
limb (ipsilateral to the injury) than the wild-type (red arrow).
(B) Quantification of recovery time course for print area in
injured right hind limb. The print area of the ipsilateral hind
paw is expressed in relation to the print area of the
contralateral hind paw over subsequent days (in percent).
Data are expressed as average ± SEM, n = 12, *p < 0.05,
**p < 0.01 (two-way ANOVA). For a complete time course
up until day 26 and more extensive statistical analyses,
please see Figure S7A.
(C) Quantification of recovery for the duty cycle parameter
in injured right hind limb. The duty cycle of the ipsilateral
hind paw is expressed in relation to the duty cycle of the
contralateral hind paw over subsequent days (in percent).
Data are expressed as average ± SEM, n = 12, *p < 0.05
(two-way ANOVA). For a complete time course up until day
26 and more extensive statistical analyses, please see
Figure S7B.
(D) YFP-expressing sensory axons after sciatic nerve
lesion. Representative images of longitudinal sections
2 mm distal to the injury site, from YFP/wild-type, or YFP/
knockout sciatic nerve 6 days after sciatic lesion. Scale
bar represents 100 mm.
(E) Quantification of YFP levels in axonal fibers reveals
significant differences between wild-type and Importin b1
30 UTR null nerves 6 days after lesion. Average intensity ±
SEM, n = 6, **p < 0.01 (independent sample t test).
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Axonal Knockout of Importin(Figure S7). The differences between the genotypes were most
prominent at 6 days postinjury, when the wild-type animals
were already making appreciable use of the injured limb, while
the knockout mice were clearly not doing so (Figure 7A, note
red arrow).
In order to corroborate the behavioral recovery data, we then
examined axonal morphologies in sciatic nerve using PGK-Cre/Figure 6. Lack of Axonal Importin b1 Attenuates the Cell Body Transcriptional Respons
(A) Deep-sequencing data sets from RNA isolated from knockout or wild-type DRG were analyzed w
FPKM (fragments per kilobase per million sequenced reads) values for 16,383 RefSeq genes express
for each sample with essentially identical results; only 154 genes out of 27,563 differed between the
(B) Comparative L4/L5 DRG gene expression analyses between wild-type and 30 UTR knockout mice
points after injury (6, 12, and 18 hr) and analyzed using Illumina expression microarrays (n = 3 for ea
expressed genes with log2-fold changes as indicated by the color key to the right. The traces on the r
the entire cluster for both genotypes. Numbers of genes in each cluster are indicated above the corres
the largest (836 upregulated and 725 downregulated genes, respectively) that show highly significa
regulation in knockout DRG as compared to wild-type.
(C) Additional and smaller clusters of differentially expressed genes that show highly significant (p
knockout DRG as compared to wild-type. Numbers of genes in each cluster are indicated above the
(D) Clusters of differentially expressed genes that show significant (0.005% p% 0.05) attenuation in the
to wild-type. Numbers of genes in each cluster are indicated above the corresponding heat map.
Additional gene clusters regulated by injury that did not differ significantly between knockout and wild
are provided in Table S1.
Neuron 75Impb1-30 UTRmice crossbred with a transgenic
line that expresses yellow fluorescent protein
(YFP) in sensory axons (Feng et al., 2000). We
observed clear differences between wild-typeand knockout mice 6 days after crush injury in distal segments
of the nerve. Wild-type nerve revealed robust axonal YFP at
2 mm distal to the crush site, while the signal in knockout nerve
was much reduced (Figures 7D and 7E). Thus, both behavioral
and histological parameters show delayed regeneration of
sensory neurons that specifically lack Importin b1 in the axonal
compartment.e to Nerve Injury
ith DESeq. The heat maps shown were generated using
ed in the tissue. Two biological replicates were sequenced
genotypes.
after sciatic nerve lesion. RNA was extracted at three time
ch sample). The heat maps show clusters of differentially
ight show the averaged trend of up- or downregulation for
ponding heat map. The two clusters shown in this panel are
nt (p % 0.005, ANOVA) attenuation in their transcriptional
% 0.005) attenuation in their transcriptional regulation in
corresponding heat map.
ir transcriptional regulation in knockout DRG as compared
-type are shown in Figure S6. Gene lists for all the clusters
, 294–305, July 26, 2012 ª2012 Elsevier Inc. 301
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A Central Role for Importins in Retrograde Axonal
Signaling after Nerve Injury
Our results reveal a central role for locally translated Importin b1
in retrograde axonal signaling after nerve injury. The cell body
response to axonal injury in sensory neurons is dependent on
the transport of injury signals from lesion site to soma (Rishal
and Fainzilber, 2010). Three different types of signaling modali-
ties have been suggested to act in this pathway, including
growth factor and receptor complexes (Brock et al., 2010), jun
kinase and associated molecules together with the adaptor
Sunday Driver (Cavalli et al., 2005), and importin-dependent
signals (Rishal and Fainzilber, 2010). The complexity and robust-
ness of this system was recently emphasized by a study
implicating approximately hundreds of signaling proteins and
thousands of genes in the retrograde injury response in rat
sciatic nerve (Michaelevski et al., 2010). The fact that axonal
loss of Importin b1 affects over 60% of the genes activated in
the cell body response to injury is striking and supports a major
role for importin-dependent transport in the injury response
mechanism, as is indeed reflected in the delayed recovery
from peripheral nerve lesion seen in the knockout mice. Although
injury-regulated expression of the affected genes and subse-
quent regeneration are not completely repressed in the Importin
b1 long 30 UTR knockout, the largely attenuated gene regulation
and delayed functional recovery we observe most likely reflects
the fact that cargo proteins can still bind Importin as at lower
affinity in the absence of Importin b1 (Lott and Cingolani,
2011). Partial redundancy of multiple retrograde signaling path-
ways might also play a role (Abe and Cavalli, 2008; Ibanez,
2007; Michaelevski et al., 2010), and the fact that approximately
one-third of the injury-responsive transcripts in our arrays were
regulated similarly in wild-type and knockout animals highlights
the participation of both Importin b1-dependent and -indepen-
dent pathways in retrograde injury signaling.
Axonal Protein Synthesis in Neuronal Responses
Local protein synthesis in axons has been proposed as a critical
aspect of importin-dependent retrograde injury signaling. At least
four components or regulators of the complex are thought to be
locally translated in axons, including Importin b1 itself (Hanz
et al., 2003), vimentin, which acts as an accessory binding
adaptor (Perlson et al., 2004, 2005), Ran-binding protein 1
(RanBP1), which serves as a regulator of the complex (Yudin
et al., 2008), and the cargo transcription factor STAT3 (Ben-
Yaakov et al., 2012). More broadly, local translation was impli-
cated in regenerative growth of injured axons in adulthood
(Donnelly et al., 2011; Gumy et al., 2010) and in axon guidance
decisions during development (Jung et al., 2012). These findings
have been met skeptically in some quarters, since an apparent
paucity of ribosomes in earlymicroscopy studies had established
a long-standing dogma that axons are not capable of synthe-
sizing proteins (reviewed in Twiss and Fainzilber, 2009). Our
current findings, however, unequivocally establish mRNA locali-
zation and local protein synthesis as functionally importantmech-
anisms in mature axons. We identified a 30 UTR axonal localiza-
tion element in Importin b1 and validated it both in vitro and302 Neuron 75, 294–305, July 26, 2012 ª2012 Elsevier Inc.in vivo in transgenic mice. We then showed that targeting of this
region depleted Importin b1 at both mRNA and protein levels in
sensory axons, without reducing its cell body levels or nuclear
functions. Functional effects of this subcellular knockout on the
retrograde injury response (this study), together with very recent
work showing dominant negative effects of beta actin localization
motifs in transgenicmice (Donnelly et al., 2011), confirm a central
role for local protein synthesis in axonal regeneration in sensory
neurons. Given the numerous roles suggested for local protein
synthesis in axonal physiology (Donnelly et al., 2010; Jung
et al., 2012), this definitive confirmation of axonal protein
synthesis by a subcellular-targeted knockout will probably have
broad implications beyond injury response mechanisms.
Cytoplasmic versus Nuclear Roles of Importins
and Spatial Discrimination in Signaling Pathways
The highly specific effects of long 30 UTR targeting of Importin b1
are all the more remarkable given its central roles in nuclear
import (Chook and Suel, 2011; Harel and Forbes, 2004) and
the fact that a complete knockout is lethal very early in embryo-
genesis, already at the blastocyst stage (Miura et al., 2006). The
pleiotropy and critical importance of Importin b1 pose a signifi-
cant challenge for dissecting its specific functions (Soderholm
et al., 2011). Our findings provide a genetic model to discriminate
between Importin b1 functions in nuclear import versus roles in
distal cytoplasm and moreover suggest that cells can take
advantage of mRNA localization mechanisms for multitasking
of critical protein machineries. Export of Importin b1 and other
retrograde complex components out to axons as mRNAs
protects them from diversion to nuclear import roles in the cell
body. Moreover, maintenance of critical components of a signal-
ing complex locally as mRNAs enables exquisite spatiotemporal
control over their recruitment upon need, allowing rapid regula-
tion of latent mechanisms. In addition to the injury-signaling roles
described above, importins have been implicated in transport of
plasticity signals in dendrites (Behnisch et al., 2011; Dieterich
et al., 2008; Lai et al., 2008; Thompson et al., 2004), in synapse
to nucleus signaling during development (Higashi-Kovtun et al.,
2010; Mosca and Schwarz, 2010; Ting et al., 2007), and even
in cytoplasmic transport of nucleic acid cargos in nonneuronal
cells (Mesika et al., 2005; Salman et al., 2005). The mechanisms
and models established in this study should be useful in future
scrutiny of these additional specific roles of importins. Finally,
application of similar subcellular targeting approaches to other
transcripts in distal cytoplasm will help to determine the scope
of contribution of mRNA transport and translation mechanisms
to spatial discrimination in cellular functions.
EXPERIMENTAL PROCEDURES
Animals, Preparations, and Cultures
Adult (8–12 weeks old) male Wistar rats were from Harlan Laboratories. All
mouse strains were bred and maintained at the Veterinary Resources Depart-
ment of the Weizmann Institute. Sciatic nerve crush and DRG culture prepara-
tions were as previously described (Hanz et al., 2003).
Generation of Transgenic and Knockout Mice
GFP transgenic mice were generated as previously described (Willis et al.,
2011) with modifications as detailed in Supplemental Experimental
Neuron
Axonal Knockout of ImportinProcedures. A conditional Cre/lox-mediated knockout in the 30 UTR region of
Importin b1 was generated by flanking the targeted 1.1 kb sequence segment
with loxP sites to allow for Cre-mediated deletion. Three SV40 polyadenylation
signals were inserted immediately downstream of the floxed region in the
constructs to ensure stability of the truncated mRNA. For further details,
please see Supplemental Experimental Procedures.
Quantitative PCR
QPCRwas performed as described (Nilsson et al., 2005) using Taqman primer
kits for b-actin (normalization control), GFP, and Importin b1.
Immunofluorescence
Immunostaining was carried out as previously described (Hanz et al., 2003;
Perlson et al., 2005); for antibody details, please see Supplemental Experi-
mental Procedures.
Fluorescence In Situ Hybridization
Antisense oligonucleotide probes for Importin b1 were designed using Oligo 6
software and checked for homology and specificity by BLAST. To detect
GFP mRNA in transfected DRGs, we generated antisense and sense GFP
riboprobes by in vitro transcription using digoxigenin-labeled nucleotide
mixture (Roche). Hybridization was performed at 55C for 4 hr and then
samples were processed for immunodetection with Cy3-conjugated mouse
anti-digoxigenin (1:200; Jackson Immunoresearch). Hybridization to tissue
sections was performed as previously published (Muddashetty et al.,
2007), with minor modifications as detailed in Supplemental Experimental
Procedures.
Pure Axonal Preps, RT-PCRs, and 30 RACE RT-PCR
Isolation of DRG axons was carried out as previously described (Zheng
et al., 2001). Two hundred nanograms of RNA from cell body and axons
were used as a template for reverse transcription and PCR. For details of
reaction conditions and primers, please see Supplemental Experimental
Procedures.
Fluorescence Recovery after Photobleaching
Dissociated DRG cultures were transfected with reporter constructs fused to
Importin b1 30 UTR axonal and cell body variants using Amaxa nucleofection.
Axon terminals were subjected to FRAP as previously described (Yudin et al.,
2008) with minor modifications. Prior to bleaching, neurons were imaged every
30 s for 2 min at 15% laser power. For photobleaching, ROI was exposed to
75% laser power every 1.6 s for 40 frames. Recovery was monitored every
60 s over 20 min at 15% laser power. To test for translation dependence, we
pretreated cultures with 50 mM anisomycin for 30 min before the photobleach-
ing sequence. FRAP quantification and statistical tests are detailed in Supple-
mental Experimental Procedures.
Photoconversion of Dendra2 Reporters
Dissociated DRG cultures were transfected with Dendra2 reporter constructs
fused to Importin b1 30 UTR axonal and cell body variants using Amaxa nucle-
ofection. Dendra2 was photoconverted using a 405 nm laser at 5% energy
power and 403 oil objective for 30 s. Images were captured every 4 min under
the same conditions using 488 nm (0.1% energy) and 559 nm (4% energy)
lasers. The proximal region was photoconverted using a 405 laser at 0.5%
energy power for 2min every 4min. Dendra2 quantification and statistical tests
are detailed in Supplemental Experimental Procedures.
Microarrays
L4/L5 DRGs were dissected from crush-lesioned or control animals at the indi-
cated time points. Total RNA pooled from three animals was extracted using
Trizol (TRI, Sigma-Aldrich). Total RNA (200 ng) was amplified, labeled, and
hybridized on Illumina arrays (MouseRef-8 version 2.0 Expression BeadChip
Kit). Data analysis was performed in the R environment using Bioconductor
packages (http://www.bioconductor.org). Briefly, log2-transformed data was
normalized using quantile normalization and differential expression analysis
was performed using the LIMMA package as previously described (Coppola,
2011).Deep RNA Sequencing
Total RNA was extracted from total DRGs pooled from three adult animals per
replicate, using the Trizol reagent (TRI, Sigma-Aldrich) according to manufac-
turer’s instructions. Replicates consisting of at least 10 mg of total RNA each
were processed for RNA expression analysis (RNA-Seq) on an Illumina
Genome Analyzer IIx at the High-Throughput Sequencing Unit in the Weiz-
mann Institute of Science. RNA-Seq data was analyzed using DESeq (Anders
and Huber, 2010).
CatWalk Gait Analysis
CatWalk training was carried out as previously described (Deumens et al.,
2007). Motivation was achieved by a combination of food restriction during
the initial training and placing of palatable reward at runway ends. Data were
collected and analyzed with CatWalk software version 9.0 at days 0, 2, 4, 6,
8, 10, 14, 18, 22, and 26 postinjury. The analyzed indices are shown as a ratio
between the ipsilateral (right) hind paw and contralateral (left) hind paw and are
expressed as mean ± SEM. Quantification and statistical tests are detailed in
Supplemental Experimental Procedures.
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